Introduction
Dendritic cell therapy remains one of the more promising methods to induce an immune response against antigens in cancer patients [1] [2] [3] , Induction of robust polyfunctional T cells is essential for successful immune based therapies in HIV infection. DC are highly effective antigen-presenting cells that play a central role in pathogen-specific immune activity and the innate and adaptive immune response. There is continued interest in developing dendritic cell therapy programs for the treatment of HIV infected individuals. One approach is the use of mRNA-loaded dendritic cells [3] [4] [5] [6] [7] [8] . In previous studies, mRNA has been used to encode either consensus HIV antigens able to induce responses in a variety of HIV infected patients [6] , or HIV antigen sequences derived from each patient individually [5] .
Prior to Phase I studies for HIV dendritic cell therapy, it is important to preclinically evaluate the response generated by mRNA-loaded DC from HIV infected patients. While most studies have tested DC function by IFN-␥ ELISPOT, a more detailed analysis of T cell polyfunctionality and memory responses would be beneficial.
Another key issue for HIV DC therapy optimization is the nature of the HIV antigen. Recent studies suggest that recombinant antigens composed of only highly conserved HIV epitopes may be superior to full-length HIV antigens [9] [10] [11] [12] . A major issue is the role of non-conserved 'decoy' epitopes encoded within the full-length antigens. These non-conserved epitopes, which are typically the dominant immune response in HIV patients, can be mutated without a fitness cost to the virus [13] , leading to immune evasion. In contrast, CTL responses associated with viral control, such as those elicited in individuals carrying B*27 or B*57 HLA alleles often target conserved regions of HIV-1 [14] [15] [16] .
Here we demonstrated the preclinical efficacy of a HIV DC therapy protocol using RNA-loaded DC from a cohort of HIV patients located in Miami, FL. We also evaluated RNA encoding either conserved elements of the HIV-1M group Gag p24 or a full-length Gag to compare induction of Gag responses. Overall these studies show that HIV patient samples can be induced to respond to dendritic cell therapy, and supports future HIV DC therapy clinical trials, as well as the use of vaccines designed to direct responses exclusively to conserved elements of viral proteins.
Materials and methods

PBMC samples
All samples were collected in sodium Heparin unless otherwise noted. For HIV infected patient samples, patients were recruited from the University of Miami AIDS Clinical Research Unit. A total of 23 patient samples were evaluated. All patients signed informed consent in accordance with the University of Miami Institutional Review Board. Uninfected human blood samples (buffy coat) were purchased from Continental Services Group Inc., Miami, FL and were negative for HIV, HBV, and HCV infection.
Dendritic cell preparation and cryopreservation
Whole blood from buffy coat or from HIV+ patients was centrifuged at 400 × g for 10 min, and plasma was removed, centrifuged at 800 × g for 20 min, then filtered with Centrex 0.2 m filters (Whatman) and stored in −80 • C. The cell fraction was then centrifuged over ficoll at 2100 rpm for 25 min at room temperature. The monocyte layer was re-suspended in PBS, centrifuged sequentially at 1800 rpm for 10 min, 1100 rpm for 10 min, then 1000 rpm for 10 min with aspiration and resuspension between each spin. PBMC were finally resuspended in complete media: RPMI1640 (Hyclone) containing 5% human AB serum (Lonza) or autologous plasma, PenStrep (1×), and glutamine. To isolate monocytes, 8 × 10 7 HIV PBMC were placed in a T175 flask in 20 ml of complete media, and cultured for 2 h at 37 • C in 5% CO 2 . Unattached cells were removed with warm media three times by pipette. Unattached cells (defined as peripheral blood lymphocytes, PBL) were pelleted and resuspended in 80% FBS + 10% Glucose + 10% DMSO. PBL were frozen in liquid nitrogen until use. The adherent monocyte cells were cultured in 20 ml of media containing 500 U/ml IL-4 (R&D systems) and 1000 U/ml GM-CSF (BERLEX Inc.). After 6 days of culture, flasks containing immature DC were placed at 4 • C for 30 min to detach DC, then collected by gentle pipetting to isolate unattached and loosely attached cells. Any remaining adherent cells were discarded.
HIV antigen mRNA preparation and DC transfection
HIV-1 p24 CE construct will be described in detail in Mothe et al. (submitted). This artificial sequence contains a string of 7 highly conserved regions of p24 Gag linked together into a single coding sequence. This sequence contains >40 known HLA epitopes. HIV-1 sequences encoding codon optimized Clade B consensus Gag, Clade B consensus Nef (kindly provided by Daniel Kavanagh), and p24 CE (Mothe et al., submitted) were cloned into the pGEM4z plasmid containing a T7 promoter and a 64 bp poly A tail (vector pGEM4Z/A64). The construct pGEM4Z/A64-GFP containing the GFP gene (a gift from Eli Gilboa) was used as a control in all experiments. The mMachine mMassage RNA in vitro transcription kit (Ambion) was used to generate mRNA from all constructs. Day 6 DC were washed, resuspended in OPTI-MEM medium (GIBCO) and transfected with 10 g RNA. A total of 1 × 10 6 immature DC in 100 l OPTI-MEM were placed in a 0.4 m Gene Pulser cuvette (Bio-Rad) for each electroporation. Electroporation was performed on a GenePulser X cell (Rio-Rad) with exponential decay at 300 V and 150 F. The transfected DC were transferred to 6-well plates with 3 ml complete media containing Mimic cytokine mix (5 ng/ml TNF␣ (R&D), 5 ng/ml IL-1b (R&D), 750 ng/ml IL-6 (R&D)) + PGE2 (Sigma) 1 ug/ml). Cells were cultured overnight at 37 • C in 5% CO 2. The supernatant of Gag RNA transfected DC was collected and tested for p24 level as a transfection efficiency indicator using the Alliance HIV-1 p24 ELISA kit (Perkin Elmer). Nef RNA transfection efficiency was tested by reverse transcription PCR, and GFP RNA transfection efficiency confirmed by flow cytometry.
Coculture of RNA transfected DC with autologous peripheral blood lymphocytes
Transfected DC were cultured at 37 • C in 5% CO 2 for 18-36 h, then placed at 4 • C for 30 min to detach cells. DC were then stained with CD14 FITC, CD80 PE, CD86 APC, CD83 PerCP, CD11c PE cy7, CCR7 PE, HLA-DR APC cy7 (all from BD, Becton Dickinson) as maturation markers. For HIV patient-derived DC, cells were also stained with the following alternative antibody panel (all from Becton Dickinson): CD86 FITC, HLA-DR PE, CD83 APC, CCR7 PE cy7, CD40 APC in one tube and CD14 FITC, CD80 PE, and CD11c PE cy7 in a second tube. Data was acquired on an LSRII fluorometer (BD) using Diva software. For coculture, RNA transfected DC (2 × 10 4 /well) were mixed with 2 × 10 5 autologous PBL/well in round bottom 96-well plates, and cultured in 37 • C in 5% CO 2 for 12 days. Either IL-2 (Chiron) at 20 U/ml, or IL-7 (R&D Systems) at 5 U/ml was added on day 3.
ELISPOT assays
ELISPOT plates (Millipore) were pre-coated with IFN-␥, IL-2, or granzyme B capture antibody using human ELISPOT sets (BD Biosciences). After blocking with complete media for 1 h at room temperature, 3 × 10 4 to 1 × 10 5 PBL were added from 12-day cocultures. One of the following set of peptides were then added: 5 g/ml HIV consensus clade B Gag 15-mer peptides overlapping by 11 amino acids (NIH AIDS research and reference reagent program), 5 g/ml Nef HIV consensus clade B 15-mer peptides overlapping by 11 amino acids (NIH AIDS research and reference reagent program), 5 g/ml CE Gag 10-mer peptide pool overlapping by 9 amino acids, 5 g/ml Ova peptide (amino acids 323-339, Genscript), or 5 g/ml c-myc peptide (Sigma) as negative control. For positive controls, 5 ng/ml PMA (Sigma) and 500 ng/ml ionomycin (Sigma) was added. Plates were incubated at 37 • C in 5% CO 2 overnight, washed, read and then analyzed with Immunospot CTL analyzer software (Cellular Technologies). 
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Intracellular staining and T cells memory marker surface staining
After 12-day coculture, at least 1 × 10 6 PBL or thawed patients PBL (day 0) were placed into FACS tubes with 1 ml complete media containing 1 ul anti-CD49 and anti-CD28, 20 l CD107a FITC antibody plus either 5 g/ml Gag peptide pool, 5 g/ml ova peptide, or PMA/iono. Unless otherwise noted, all antibodies were from BD Biosciences. Tubes were incubated at 37 • C in 5% CO 2 , for 5 h. A total of 10 g/ml BFA (Sigma) and 0.7 ul monensin (eBiosciences) was added after 2 hours. Cells were washed twice with FACS buffer (1% human serum + 0.05% sodium azide in PBS), then blocked with 10% human serum in PBS for 10 min at RT. Cells were washed with FACS buffer twice, then stained with antibodies to CD8 APC-cy7, CD4 PerCP, CD3 Amcyan, and an exclusion mix: CD14 pacblue/CD19 pacblue/live-dead violet (Invitrogen). Tubes were incubated at room temperature in the dark for 20 min and then washed twice with FACS buffer. 300 l Cytofix/Cytoperm (BD Biosciences) was added and incubated for 15 min at 4 • C. Cells were washed twice with PermWash buffer (BD Biosciences) then stained with IFN-␥ PE-Cy7, IL-2 PE, and TNF␣ APC antibodies for 30 min at RT. Cells were washed twice with PermWash buffer then fixed with 2% buffered formalin. Data was acquired with a BD FACS Aria using Diva software.
For T cell memory marker staining, after 12-day coculture, PBL were stained with CD4 FITC, CD3 PerCP, CCR7 PE, CD45RO PE-cy7, CD8 APC, and CD27 APC-H7 antibodies, as well as Live-dead aqua (Invitrogen). Data was acquired with a BD FACS Aria machine and analyzed using FlowJo Software.
Statistics
For two-group comparison, we used unpaired Student's T-test. For multiple samples the Wilcoxon matched pair test was used.
Results
Ex vivo derived dendritic cells induce a de novo response to antigen
Ex vivo derived DC were stained for various markers of activation and maturation both before and after cytokine maturation. As shown in Fig. 1A , both immature and mature DC cultures were CD11c+ and CD14−, indicating monocytes had fully developed into dendritic cells. Cytokine maturation with the Mimic cytokine mix induced the upregulation of chemokine receptor CCR7, activation markers CD80 and CD86, and maturation markers CD83, CD40, and HLA-DR ( Fig. 1A) . Fig. 1B showed GFP expression was induced when cells were electroporated in the presence of GFP RNA, but not following mock electroporation.
Mature DC transfected with antigen RNA would be expected to induce T cell responses after ex vivo culture with autologous lymphocytes, and it has been previously shown that lymphocytes from an antigen-naïve donor are able to induce measurable antigenspecific responses with sufficient costimulation by mature DC. To test this, DC from HIV uninfected donors were electroporated with either Gag or GFP RNA, matured, and cultured with autologous PBL for 12 days. Cells were then stimulated with overlapping 15-mer peptides to Gag. As shown in Fig. 1C , a significant (p < 0.05) increase in spot forming units (SFUs) was observed only when PBL were cultured for 12 days with Gag RNA transfected DC (at a 10:1 ratio of PBL to DC), but not in the presence of DC transfected with GFP RNA, or PBL cultured in the absence of DC.
The quality of DC activation is also related to its ability to induce a recall response. To confirm that the de novo immune response we observed could be restimulated using this ex vivo model, DC were loaded with Gag RNA and matured, followed by a 9-day coculture with autologous PBL. Half the 9-day culture was tested by IFN-␥ and IL-2 ELISPOT and did not induce an antigen-specific responses (data not shown). The remaining PBL culture was again mixed at a 10:1 ratio with autologous Gag RNA loaded mature DC, and restimulated in a second 9-day incubation. This second incubation induced a significant (p < 0.05) increase in both IFN-␥ and IL-2 ELISPOT responses (Fig. 1D ) after restimulation with Gag peptide pool compared to restimulation with control Ova peptide.
Ex vivo dendritic cells from HIV patients can enhance HIV antigen specific responses
Immune dysregulation during chronic HIV infection has been shown to disrupt dendritic cell generation and HIV-specific T cell responses. DC derived from HIV patient monocytes were tested to assess whether they could enhance antigen-specific responses from the patient's autologous lymphocyte population. Immature and Mimic-matured DC derived from an HIV patient blood sample were compared by flow cytometry (Fig. 2) . As shown in Fig. 2A , maturation induced the upregulation of CD40, CD80, CD86, and CD83 in a manner comparable to DC maturation of cells from HIV negative volunteers (compare to Fig. 1A ). To determine whether HIV-1 Gag antigen-specific responses could be enhanced, we performed a DC-T cell coculture with autologous PBL for 12 days, followed by Gag peptide pool stimulation and ELISPOT assay. As shown in Fig. 2B , left panel, a significant increase (p = 0.016) in IFN-␥ secreting cells was observed in a set of 7 patient samples by Wilcoxon matched pair test. Similarly, IL-2 ELISPOT responses were significantly enhanced (p = 0.002) after coculture with Gag RNA loaded DC in a set of 10 patient samples. To control for non-specific DC activation and DCindependent stimulation during the 12-day coculture, a number of control conditions were tested in parallel. Fig. 2C shows a representative ELISPOT panel while Fig. 2D shows the overall responses of our patient samples under the various assay conditions. DC loaded with Gag RNA, cocultured with autologous PBL, and restimulated with Ova peptide induced only background levels of IFN-␥ and IL-2 ELISPOT responses. Similarly, PBL cocultured for 12 days with DC loaded with GFP RNA and then restimulated with Gag peptide pool resulted in significantly lower levels of ELISPOT responses (Fig. 2D ). PBL from HIV-1 infected individuals prior to coculture were unable to induce significant Gag-specific ELISPOT responses. This likely reflects the fact that most patients had been on antiretroviral therapy (ART) for >1 year with viral load <50 copies/ml at the time of blood donation. Any memory T cells present were probably unable to generate cytokines after the brief overnight peptide stimulation employed.
Similar studies were performed with Nef RNA loaded DC. As shown in Fig. 2E , only Nef loaded DC cocultured with PBL for 12 days and restimulated with Nef peptide pool were able to induce a significant number (p < 0.05) of IFN-␥ and IL-2 ELISPOTs.
Polyfunctional CD4+ and CD8+ T cells are induced by Gag RNA loaded DC
The ELISPOT responses illustrated in Fig. 2 indicate a general T cell activation after DC coculture. To determine the specific role of CD4+ and CD8+ T cells in DC induced immune activation of HIV patients, multiparameter flow cytometry was performed on three patient samples after a 12-day coculture (Fig. 3A) . We selected the CD3+ live cell lymphocyte population and analyzed CD4+ or CD8+ T cells for their expression of IL-2, TNF␣, IFN-␥, and CD107a. Functional CD4 responses were plotted as a percentage of the total CD4+ population (Fig. 3B ). Prior to coculture, <1% of cells were positive for a single functional marker, with less than 0.1% positive for two cytokines or degranulation as assessed by CD107a expression. In contrast, after 12-day coculture, CD4+ T cells were able to induce a range of polyfunctional responses. Similarly, Fig. 3C shows an increased percentage of CD8+ T cells induced one, two, three, or all functional markers after 12-day coculture. To evaluate the cytotoxic T cell activity of our 12-day coculture cells, we performed Granzyme B ELISPOT assays. As shown in Fig. 3D, 12 -day coculture with Gag RNA loaded DC enhanced the number of Granzyme B secreting cells after restimulation with Gag peptide pool (p < 0.05). Minimal Granzyme B responses were observed with GFP RNA loaded DC or with PBL prior to 12-day coculture (day 0 cells).
During the 12-day coculture of HIV patient samples, both naïve and memory T cells are expected to expand in response to presentation of Gag antigens together with costimulatory molecules from Gag RNA transfected, cytokine-matured DC. This expansion may shift the balance of T cell phenotypes, leading to a shift in memory phenotype ratios following costimulation. To evaluate the overall change in phenotype, three independent aviremic HIV patient samples were cocultured with autologous Gag RNA loaded DC for 12 days. Cells were then stained for markers CD3, CD4, CD8, CD27, CCR7, and CD45RO, allowing us to determine the percentage for naïve/other, central memory (T cm ), transitional memory (T tm ), effector memory (T em ), terminal effector (T eff ), and intermediate T cell (T int ) populations. As shown in Fig. 3E , upper panel, we observed an increased proportion of central memory CD8+ T cells for all three patient samples after DC coculture. We also observed a decrease in the terminal effector and intermediate CD8+ T cell pool and an increase in the naïve/other population. For two patient samples, the effector memory pool was also increased. For the CD4+ T cell population, again there was a reduction in the terminal effector and intermediate T cell populations after 12-day coculture, and a corresponding increase in naïve/other CD4+ T cells.
Gag p24 conserved element vaccine antigen also induces
Gag-specific T cell responses after 12-day coculture While full-length consensus B Gag antigen is useful for preclinical evaluation of DC therapy, treatment of a broad patient population will most likely require antigens that cope with the diverse set of viral sequences present in the patients. We therefore decided to evaluate a conserved element antigen [10] covering highly conserved segments of the HIV-1M group p24 protein. The CE p24 antigen consists of 7 highly conserved peptides from Gag p24 that are typically conserved in >98% of sequences from all HIV-1M group viral subtypes (Mullins et al., unpublished). As shown in Fig. 4A , HIV patient dendritic cells loaded with RNA encoding p24 CE were able to induce CE-specific IFN-␥ responses when T cells were loaded with CE 10-mer overlapping peptides and not when loaded with Ova control peptide (p < 0.0001). Similar results were observed for 3 additional HIV patient samples. To characterize the ability of CE RNA to induce T cell responses to full length Gag, DC from HIV uninfected individuals were loaded with CE RNA and cocultured with T cells for a total of 18 days, including a restimulation at day 9 with CE RNA loaded DC. After coculture, T cells were stimulated with either Gag 15-mer overlapping peptides or CE 10-mer overlapping peptides. As shown in Fig. 4B , equivalent ELISPOT responses were induced with full length Gag peptides and conserved element peptides. T cell responses were not induced by DC expressing GFP, indicating that human T cells specific for conserved HIV peptides could be generated in this coculture assay.
Discussion
Previous studies have generated HIV specific immune responses from HIV patient monocyte derived DC [4] [5] [6] , with analyses that mostly consisted of DC maturation and antigen presentation as measured by ELISPOT IFN-␥ cytokine secretion assays. The present study confirms that HIV patient monocyte derived DC loaded with patients were unable to mount more than background ELISPOT responses prior to coculture ( Fig. 2E and F) . This likely reflects the low levels of antigen present after long term ART, as well as immune dysregulation in this patient population [17] [18] [19] [20] [21] . In addition, the overnight culture ELISPOT assay would only detect effector T cells, but not memory T cells present in the PBMC. Typically, memory T cell responses are quantified after a 7-10-day culture of PBMC in the presence of antigen [22] , a similar process to our DC-T cell coculture protocol. Previous studies have also documented low levels of HIV antigen specific effector T cells present following ART, as well as dysfunction of HIV-specific T cells in patients chronically infected with HIV [21, [23] [24] [25] . In addition, recent evidence suggests that monocyte-derived DC from HIV+ patients (either on ART or treatment naïve) are impaired in their ability to induce T cell responses in a Mixed Leukocyte Reaction [26] . However, in our study most patients were able to generate high levels of IFN-␥ and IL-2 ELISPOT responses following the 12-day coculture ( Fig. 2B and C) . Increased numbers of IL-2 secreting cells indicate that these cocultures generated a robust antigen-specific memory T cell response as well as effector T cell response. This suggests that patients treated with Gag-loaded autologous DC will be able to mount an IL-2 dependent immune response after DC immunotherapy. IL-2 dysregulation is an important aspect of HIV immune dysfunction [27, 28] , and our results suggest that DC therapy with Gag RNA antigen may be able to enhance IL-2 secretion by patient T cells in vivo similar to what was observed ex vivo, generating a central memory phenotype in the resulting Gag-specific T cell pool. Results with Nef antigen (Fig. 2G and H) confirmed that the induction of antigen-specific and IL-2 secretion occurs with Nef as well as Gag HIV antigens. It is also interesting to note that we observed a significant increase in IFN-␥ secretion but not IL-2 secretion prior to coculture (Fig. 2G , day 0/Nef). This is consistent with suppression of IL-2 secretion in the context of chronic HIV infection, even under ART, while IFN-␥ secretion persists in the context of chronic immune activation and inflammation.
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Polyfunctional flow cytometry has previously been used to document correlates of protection for SIV vaccines, with cells positive for >2 cytokines present in non-human primates that generate enhanced T cell responses during infection. Studies by Letvin, Nabel and others [29] [30] [31] have highlighted that vaccinated primates with either a high proportion of polyfunctional T cells or a larger proportion of memory T cells have reduced SIV viral load and survive longer after challenge. In our cohort, the number and proportion of polyfunctional CD4+ and CD8+ T cells increased following coculture, consistent with an improvement in the polyfunctionality of the T cell population. The increase in the level of CD4+ T cells co-expressing two cytokines or CD107a from <0.1% to >1% was especially promising, as was the increase in CD4+ T cells coexpressing three or more cytokines or CD107a from <0.01% to >0.1%. These data suggest that CD4+ as well as CD8+ T cells are generated during coculture and may mount a potent anti-HIV response. Surprisingly, when patient samples were assayed for memory phenotype ( Fig. 3D and E), we did not observe a corresponding increase in memory cells as would be expected from the increase in polyfunctional T cells ( Fig. 3B and C) and the lower proportion of T eff cells following coculture. This may reflect the differences in T cell populations generated ex vivo compared to those induced by in vivo vaccine responses. However, we did observe an increase in the number of T cm CD8+ T cells (Fig. 3E ) that did not reach statistical significance. One potential explanation for the lack of memory T cell generation is the increase in the number of naïve/other T cells during coculture. The increase in this cell population may be a consequence of this ex vivo culture method, and not reflect the cell populations expected in vivo where we would expect a loss of the naïve antigen-specific cell population following antigen presentation. We also observed an increase in the number of double negative CD3+CD4−CD8− T cells after 12 days of coculture (data not shown). Typically, double negative T cells are deleted in vivo, but these cells can be retained in an ex vivo assay due to an absence of CD95-mediated apoptosis [32] . This double negative population may explain the low relative proportion of memory cells despite a robust polyfunctional response.
A number of approaches have been taken in clinical studies to improve the antigen used in HIV DC therapy. Generating viral antigen mRNA from the patients' own viral clones provides the most precise method of matching vaccine and donor viral sequences. However, this does not change the capacity of the virus population to quickly mutate in response to DC therapy, thereby reverting
